We have investigated the crystallization kinetics of Cu 50 Zr 50 metallic glass thin films using nanocalorimetry. The crystallization process is growth-controlled during heating and nucleation-controlled during cooling, resulting in different critical heating and cooling rates to suppress crystallization. Measurements over a wide range of scanning rates (13 K/s to 21,000 K/s) reveal that crystallization does not follow Arrhenius kinetics upon heating. Instead, the behavior on heating is well described by a fragilitybased model of growth-controlled kinetics that takes into account breakdown of the Stokes-Einstein relationship. Upon cooling, the quench rate required to suppress crystallization of the melt is much higher than for bulk samples. This reduced asymmetry in critical heating and cooling rates compared to bulk materials suggests that crystallization of the thin-film metallic glass is controlled by heterogeneous nucleation.
Introduction
Bulk metallic glasses (BMG) constitute a class of materials that combine metallic properties with plastic-like processing [1e3] . Development of new BMG is challenging because of the chemical complexity of these alloys [4] . Because crystallization needs to be suppressed both during cooling from the melt and during processing, design of BMG requires a detailed understanding of their crystallization behavior. It is then no surprise that crystallization of glass-forming alloys has been studied intensively [5e12] ever since metallic glasses were first discovered [13] .
Crystallization of metallic glasses upon heating is typically controlled by the rate of growth of the crystallites [9, 14] . Recent studies [15, 16] have revealed that the crystallization activation energy changes with temperature, resulting in non-Arrhenius kinetics. For some metallic glasses, the crystallization kinetics is consistent with the Stokes-Einstein (S-E) relationship, which links viscosity and diffusivity [16] . In some cases, however, crystal growth and viscous flow are decoupled and the S-E relation is not followed [17] . Crystallization of melts during cooling is controlled by nucleation [9] . Since different rate-limiting processes control crystallization during heating and cooling, crystallization of metallic glasses occurs asymmetrically: the critical rate to suppress crystallization is much larger on heating than on cooling [9,16,18e20] . Previous studies of this asymmetry were carried out on alloys that were good glass formers and that had relatively small critical cooling rates. Due to the ease of crystallization and instrumental limitations, detailed understanding of the crystallization behavior of metallic alloys with large critical cooling rates and high fragility is currently limited, especially over a wide range of supercooled temperatures.
Here we study the crystallization of Cu 50 Zr 50 metallic glass thin films using nanocalorimetry. Cu 50 Zr 50 is one of a few binary alloys with bulk glass-forming ability [12, 21] , although its critical cooling rate is rather large when compared to, e.g., Zr-Cu-Al. The extraordinary sensitivity and dynamic range of micromachined nanocalorimeter sensors make it possible to study crystallization over a range of heating/cooling rates and supercooled temperatures that are not accessible with conventional calorimetry. Our measurements reveal that crystallization of Cu 50 Zr 50 on heating is not governed by Arrhenius kinetics. Instead, the process is well described by a growth-controlled model that accounts for the breakdown of the Stokes-Einstein relationship. Conversely, crystallization of Cu 50 Zr 50 on cooling is controlled by nucleation kinetics. The thin-film geometry of the samples affords a high probability of heterogeneous nucleation, resulting in a much higher critical cooling rate than observed for bulk samples. This observation suggests that a lower degree of the asymmetry in critical cooling and heating rates is found in thin films compared to bulk materials.
Experimental details

Nanocalorimetry device
All nanocalorimetry measurements were performed using an array of custom micromachined calorimetry sensors designed for combinatorial studies of composition spreads and heat treatments [22, 23] (Fig. 1a,b) . Using these sensors, samples of identical composition can be analyzed over a range of heating and/or cooling rates to evaluate the activation energies of the various processes that take place in the samples. As schematically illustrated in Fig. 1c , each micromachined sensor consists of a 100 nm, Ti-W alloy, fourpoint, electrical probe that serves both as a resistance thermometer and as a Joule heater. This probe is encapsulated in and supported by a freestanding Si 3 N 4 membrane with a thickness of approximately 300 nm. This membrane serves to thermally isolate sample and sensor from the ambient. Details of the operating principles and sensor fabrication procedures can be found elsewhere in the literature [22, 24, 25] .
Sample preparation and nanocalorimetry measurements
Prior to deposition of the Cu 50 Zr 50 samples, a 20 nm HfO 2 layer was grown on the nanocalorimetry sensors using atomic layer deposition (ALD) (Savannah, Cambridge NanoTech Inc.) to prevent reaction between the Cu 50 Zr 50 and the Si 3 N 4 membranes. As schematically illustrated in Fig. 1a , 500 nm Cu 50 Zr 50 films (101 ± 10 nmol) were sputter deposited (ATC 1800, AJA Int.) on all sensors simultaneously using elemental Zr (99.99%; DC power of 175 W) and Cu (99.999%; DC 50W) targets (Kurt J. Lesker Company). The resulting deposition rate was 16.6 nm/min. A micromachined silicon shadow mask was used to limit deposition to the measurement sections of the sensors (Fig. 1c,d ). With an effective cooling rate in excess of 10 9 K/s [26] , sputter deposition readily produces amorphous Cu 50 Zr 50 samples without the need to melt and quench the samples. All nanocalorimetry measurements were performed inside a vacuum furnace with a base pressure better than 3 Â 10 À6 Torr. The samples were heated to approximately 1,300 K at average heating rates varying from 13 K/s to 21,000 K/s, and then cooled to room temperature at a rate of approximately 5,000 K/s. Previous work has demonstrated that under these experimental conditions sample oxidation effects are negligible [27] . The composition of the samples was determined using an energy-dispersive X-ray spectrometer (EDS) in a field emission scanning electron microscope (Zeiss Supra 55 VP). X-ray diffraction (XRD) measurements were performed using a D8 Discover system (Bruker). Cross-sectional transmission electron microscope (TEM) images and selected area diffraction patterns (SADPs) were acquired using a JEOL 2100 system operating at 200 keV. A Zeiss NVision 40 dual-beam system using a focused beam of Ga ions was used to prepare the TEM sample. Samples that were heated before XRD and TEM analyses were quenched at a cooling rate of approximately 15,000 K/s.
Data reduction to determine heat flow during heating and cooling
In nanocalorimetric measurements, the heat flow generated by the reactions or phase transformations in a sample can be determined by considering the power input and the heat loss to the environment. For irreversible reactions, it is convenient to perform two subsequent scans on the same sample: the first scan provides information on the irreversible reactions, while the second scan serves as a baseline. Subtraction of the two scans with a small correction factor for radiative heat loss provides the heat flow associated with the irreversible reactions, as discussed in detail in our previous work [28] . However, when reactions and phase transformations occur in both scans, which is the case in this study, this data reduction scheme cannot be used. Instead, the heat flow can be determined using the following expression, _ HðTÞ ¼ PðTÞ À C pa ðTÞ vT vt À LðcÞ;
where T represents the temperature of the sample, P is the power supplied to the sensor heating element (Fig. 1c) , C pa is the heat capacity of the sample and the sensor addendum, vT=vt is the scanning rate, and L(c) is the heat lost to the environment. The heat capacity C pa can be determined by performing AC scanning nanocalorimetry measurements as detailed in Ref. [29] . The heat loss consists of radiation and conduction terms only since the measurements are performed in vacuum. The radiation loss is expressed as 2A s εs SB ðT 4 À T 4 0 Þ. Here, A s is the area of the sample, ε is the emissivity, s SB represents the Stefan-Boltzmann constant, and T 0 is the temperature of the environment. The emissivity, ε, can be determined by fitting the Stefan-Boltzmann law to the base line after subtracting the conduction loss. The conduction loss, which constitutes only a small fraction of the total heat loss, depends on the temperature history (c) of the sample and is determined using the parameters and expressions listed in Appendices A and B , [28] .
Results
Phase evolution of Cu 50 Zr 50 metallic glass
We begin our investigation by identifying and quantifying the phase evolution of amorphous, as-sputtered Cu 50 Zr 50 films during heating. Fig. 2a shows the heat flow determined from a scanning nanocalorimetry measurement with a nominal heating rate of 4,500 K/s. The thermodynamic parameters determined from the measurement are listed in Table 1 , along with reference values from the literature. The calorimetric glass transition temperature (T g ) and the onset crystallization temperature (T x ) were identified as 695 ± 10 K and 800 ± 5 K, respectively. By contrast, conventional calorimetry measurements on bulk Cu 50 Zr 50 metallic glasses at heating rates of 20 K/min yield glass transition and crystallization temperatures of 670 K and 717 K, respectively [30] . We attribute the large temperature difference between the two techniques to the high scanning rate used in this study and to the high-enthalpy state of sputter-deposited Cu 50 Zr 50 films compared to slowly cooled bulk samples. Evidently, the substrate temperature during deposition is sufficiently low (<325 K) and the heating rate during the calorimetry scans sufficiently high that the amorphous films do not have an opportunity to relax extensively. The enthalpy of crystallization (DH x ) agrees well with previous measurements [31] , indicating that the entire sample crystallized during the scanning measurement. The Cu-Zr phase diagram [32e34] suggests that the crystallization peak is associated with the formation of the CuZr 2 and Cu 10 Zr 7 phases, and this is indeed confirmed by the diffraction data obtained for a sample that was heated to 950 K and then quenched, shown in Fig. 2c . The microstructure of a crystallized sample was investigated using cross-sectional TEM. Bright-field images indicate that the size of the crystallites was very small, ranging from 5 to 10 nm (Fig. 3a) . The selected area diffraction pattern (SADP) in Fig. 3b confirms that both CuZr 2 and Cu 10 Zr 7 phases were formed upon heating.
The heat flow curve in Fig. 2a has an endothermic peak (T rxn ) at 1,027 ± 5 K. This peak cannot be indexed as any of the melting temperatures of the crystalline phases in the Cu-Zr phase diagram [32e34]. Instead, the phase diagram and recent high-resolution insitu XRD measurements on bulk Cu 50 Zr 50 metallic glasses [37, 38] suggest that this peak corresponds to the reaction 3CuZr 2 þ Cu 10 Zr 7 / 13CuZr. To determine if this reaction is indeed endothermic, we obtained the formation enthalpies of the crystalline phases from the AFLOWlib database (aflowlib.org) [36, 39, 40] , which provides enthalpies of formation for various atomic structures based on DFT calculations: -7.167, -6.094, and À6.427 eV/atom for CuZr 2 (I4/mmm, #139), Cu 10 Zr 7 (Cmca, #64), and CuZr (Pm3 m, #221) phases, respectively. The structure of each phase is illustrated in Fig. 2b . The formation enthalpies confirm that the reaction is indeed endothermic with an associated enthalpy change (DH rnx ) of 3.7 kJ/mol, compared to an experimental value of 2.6 ± 0.5 kJ/mol obtained from nanocalorimetry. T m1 and T m2 correspond to the melting temperatures of Cu 10 Zr 7 and CuZr, respectively [32e34]. Note that peaks corresponding to the Cu 51 Zr 14 (P6/m) phase appear in the diffraction spectrum obtained from a Cu 50 Zr 50 sample that was heated to 1,300 K, well above the liquidus temperature of 1,208 K [41] , and then quenched (Fig. 2c) prior to the XRD measurement. Our data and recent in-situ XRD results [37, 38] indicate that this phase is not likely formed during heating, but instead forms on cooling.
Kinetics of crystallization and reaction on heating
Kinetics information can be obtained by performing a series of calorimetry measurements over a range of scanning rates. We performed nanocalorimetry measurements on as-deposited Cu 50 Zr 50 samples at heating rates varying from 13 K/s to 21,000 K/s. Exemplary heat flow curves are illustrated in Fig. 4a . The figure shows that within experimental error the phase evolution sequence and the values of T m1 , and T m2 do not change with heating rate. At high heating rates (2,400e21,000 K/s), the value of T g is nearly independent of the scanning rate. This observation is consistent with the behavior of a fragile glass [42] that is prepared by cooling at a rate that is greater than the maximum heating rate (21,000 K/s) of the nanocalorimetry measurements, and that has experienced little or no relaxation after synthesis. Fig. 4b shows a schematic enthalpy diagram to illustrate this point. The enthalpy of a sputter deposited metallic glass (S-MG) is larger than that of a relaxed metallic glass (R-MG) because the effective quench rate during deposition of the S-MG is much higher than that of the R-MG. If the S-MG is heated at a rate that is high enough to bypass most relaxation, but that is slower than the quench rate, the metallic glass will transform to the supercooled liquid (SL) state following path (i) and T g is nearly independent of heating rate. This seems to be the case for the samples measured at the highest scanning rates. However, if the heating rate is slow enough to allow significant relaxation during heating (i.e., heating rate ≪ quench rate), the metallic glass follows path (ii) and T g changes more rapidly with heating rate. In fact, T g measurements at a heating rate of 130 K/s yield a T g of 665 ± 10 K e close to the bulk value (670e673 K) [30, 35] , but well below the value obtained at the fastest heating rates. Path (iii) represents the case that the heating rate is larger than the quench rate, as is typical for nanocalorimetry experiments on a R-MG or melt-quenched samples [43] .
The peak crystallization temperature (T xp ) and the peak temperature of the endothermic reaction, 3CuZr 2 þ Cu 10 Zr 7 / 13CuZr, (T rxn ) have a pronounced shift to higher temperatures as the heating rate increases. We apply Kissinger analyses [44] to characterize the kinetics of both processes, shown in Fig. 4c . The activation energy of the endothermic process is constant and equal to 1.8 eV. By contrast, the activation energy of crystallization changes from 2.5 to 1.0 eV as the temperature increases. This behavior is the result of non-Arrhenius growth kinetics and will be discussed in Section 4.1. Fig. 5 shows the heat flow curves for measurements performed on samples with various thicknesses (100, 300, and 500 nm). It is evident from the figure that, within experimental error, the value of T g is independent of the film thickness, as one would expect for a metallic glass. There is, however, a slight increase in the crystallization peak temperature (T xp ) with increasing film thickness. This increase is not an intrinsic thickness effect, but is instead caused by the higher heating rates experienced by the thicker samples as a result of the relatively smaller heat loss. In fact, the values of T xp are consistent with the Kissinger analysis in Fig. 4c for 500 nm films.
Vitrification of Cu 50 Zr 50 melts
We next investigate the crystallization of Cu 50 Zr 50 films that were first melted and then quenched at a rate of 5,000 K/s. Fig. 6a shows the heat flow measured during quenching. Multiple crystallization peaks are found indicating the formation of several crystalline phases. Crystallization takes place over a temperature 
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695 ± 10 800 ± 5 1,027 ± 5 1,168 ± 5 1,213 ± 5 7.4 ± 1.5 2.6 ± 0.5 To further analyze the structure that forms after meltquenching, we consider the heat flow curves obtained during two subsequent calorimetry scans. The first scan is a heating scan performed on a fully amorphous as-deposited sample, while the second scan is a heating scan performed on a melt-quenched sample. The heat flow curves are shown in Fig. 6b . The amount of crystalline phases formed during melt-quenching can be estimated by comparing the heats of crystallization between the two scans [12] . We find that the crystallization enthalpy in the second scan is reduced by 40% compared to the first scan: at a cooling rate of 5,000 K/s, only about 60% of the sample vitrifies, while the remainder crystallizes to a phase mixture containing Cu 51 Zr 14 and a Zr-rich phase (Fig. 2c) . Formation of the Cu 51 Zr 14 phase has also been confirmed in bulk materials and has been explained in the context of metastable phase equilibria [41] . Full vitrification of the samples requires an even larger cooling rate. By contrast, the critical cooling rate of bulk Cu 50 Zr 50 is approximately 250 K/s [41] , much smaller than the quench rate used in the nanocalorimetry measurements. The large difference in critical cooling rate is attributed to the very high surface-to-volume ratio of the Cu 50 Zr 50 samples in this work, which facilitates heterogeneous nucleation of the crystalline phases. 1 Heterogeneous nucleation has indeed been observed to increase the critical cooling rate by several orders of magnitudes for a number of glass formers [46] . Fig. 7 shows a typical optical micrograph of a 500 nm Cu 50 Zr 50 sample after melt-quenching. The micrograph clearly demonstrates that nucleation occurs preferentially at the edges of the samples, as well as at a few isolated defects within the samples e strong evidence of heterogeneous nucleation. The volume of the crystallized region in Fig. 7 is approximately 45 ± 5%, in good agreement with the enthalpy of crystallization measured on reheating the sample (e.g., Fig. 6b ). The fraction of crystalline material increases with decreasing film thickness and the 100 nm Cu 50 Zr 50 film in Fig. 5 was fully crystalline after melt-quenching. The edges of the samples are thinner than the nominal sample thickness as a result of shadowing by the hard mask during film deposition. We suggest that the larger surface-to-volume ratio of sample near the edge increases the likelihood of heterogeneous nucleation and thus also the critical cooling rate. Fig. 8a shows a Kissinger graph for the crystallization of amorphous Cu 50 Zr 50 upon heating. The graph contains data points obtained from the nanocalorimetry measurements (black, solid symbols) and DSC measurements on bulk samples (blue, hollow symbols) [37] . The DSC measurements were performed at lower scan rates (10e60 K/min) than the nanocalorimetry measurements, resulting in lower crystallization temperatures. The crystallization activation energy at these low temperatures, given by the slope of the Kissinger graph, is approximately 4.0 eV; the nanocalorimetry measurements, on the other hand, yield an activation energy that varies from 2.5 eV above T g to 1.0 eV at more elevated temperatures (Fig. 4c) . The change in slope of the Kissinger graph cannot be explained by a model based on nucleation-controlled crystallization because the energy barrier to nucleation increases with temperature, in contradiction with our results. The observed behavior is, however, consistent with a growth-controlled mechanism [15, 16, 47] . The temperature-dependence of the crystallization activation energy shown in Fig. 8a can then be described by considering the kinetic growth rate, u kin , defined by the following expression [48] ,
Discussion
Non-Arrhenius behavior of crystallization in Cu 50 Zr 50 during heating
Here u is the crystal growth rate and DG is the free energy difference between the melt and the crystalline phase; the other symbols have their usual meaning. DG can be approximated as 2TDH f ðT m À TÞ=½T m ðT m þ TÞ, where T m is the melting temperature [49] . This expression has been shown to accurately calculate DG for a number of glass forming systems, even at the temperatures as low as T g [50] . If there is no composition change upon crystallization, the kinetic growth rate represents the thermally activated rate of atomic rearrangement in the liquid phase and as such scales with the liquid-phase diffusivity D. If there is a composition change on crystallization, the growth rate is time-dependent and Eq. (2) is inadequate to describe the growth process. Crystallization of as-deposited Cu 50 Zr 50 samples on heating produces two phases, Cu 10 Zr 7 and CuZr 2 , as in a eutectic process (Figs. 2c,3b) . This process does not require a macroscopic change in composition of the liquid phase and the growth rate of the crystalline phases is time-independent [51] . The growth rate is then proportional to D/l, where l is the inter-lamellar spacing of the eutectic solid [52] . Thus information on the temperaturedependence of u kin may be obtained from measurements of the viscosity (Fig. 8b) , if the Stokes-Einstein (S-E) relation DfTh À1 is invoked. For some supercooled liquids, however, the StokesEinstein equation breaks down and one finds a relationship of the form Dfh Àx instead; we refer to this equation as the Ediger relationship [48] . The decoupling exponent x can be estimated from an empirical relationship, x ¼ 1.1À0.005m [48] , where m is the fragility of the melt [53] , a parameter that quantifies the extent to which the viscosity of the melt has an Arrhenius temperature-dependence. The viscosity data of Cu 50 Zr 50 was obtained from Refs. [54, 55] and fitted with the Vogel-Fulcher- Cu 64 Zr 36 [55, 57] , respectively. Given the very large temperature range that was used to determine the fragility in this study we believe its value to be quite accurate. Fig. 8a shows, alongside the experimental data, Arrhenius graphs of the diffusivity as calculated from the S-E and the Ediger relationships. It is evident that the slope of the diffusivity calculated using the S-E relationship does not match that of the experimental data. By contrast, the Ediger relationship reproduces the slopes of the experimental data in both temperature regimes without the use of any fitting parameters. Thus, the observed experimental behavior is a direct consequence of the fragility of the supercooled melt, and the apparent decrease of the activation energy in the highertemperature regime is a reflection of the non-Arrhenius behavior of the Cu 50 Zr 50 diffusivity.
Asymmetry in crystallization during heating and cooling
Our experimental results reveal a significant asymmetry in the crystallization behavior during heating and cooling: a heating rate of 21,000 K/s is insufficient to suppress crystallization on heating, but a substantial fraction of the sample is vitrified at a cooling rate of 5,000 K/s e the critical heating rate is much larger than the critical cooling rate. This asymmetry is caused by the crystallization rate being controlled by growth kinetics during heating and by nucleation kinetics during cooling. To illustrate this, Fig. 9 shows normalized nucleation and growth rates as a function of temperature calculated from classical nucleation theory as detailed in Appendix C. We consider both homogeneous nucleation (q ¼ 180 ) and heterogeneous nucleation with q values of 30, 40, 50, and 60 , where q is the contact angle between the crystal nucleus and catalyst when surrounded by supercooled liquid. The growth rate peaks at 1,042 K, while the nucleation rates peak at temperatures that range from the bulk glass transition temperature (673 K [41] ) to 975 K as q decreases. The maximum growth rates were found in the range 1,008e1,058 K in both experiments [35] and molecular dynamic simulations [58] , in good agreement with the model. Note that the energy barrier to nucleation at T g changes from 0.07 to 5.5 eV as q changes from 30 to 180 .
In the case of homogeneous nucleation (q ¼ 180 ), the overlap between the growth and the nucleation rates is not significant. Given that crystallization always involves nucleation followed by growth, the small overlap indicates that Cu 50 Zr 50 is a good glass former when heterogeneous nucleation is suppressed. When the contact angle decreases enhanced crystallization can be expected. Given that the equilibrium contact angle of Cu 50 Zr 50 on alumina at its melting temperature is approximately 43 [59] and that a large interface-to-bulk ratio promotes heterogeneous nucleation, a nucleation rate with q ¼ 40 should reasonably well describe the crystallization of thin Cu 50 Zr 50 films on cooling. The overlap between the heterogeneous nucleation (q ¼ 40 ) rate and the growth rate is quite significant compared to crystallization under homogeneous nucleation conditions, resulting in a much larger critical cooling rate, as indeed observed in our experiments. Fig. 9 further indicates that crystallization at large undercooling is controlled by growth kinetics, while crystallization at small undercooling is nucleation-limited. The peak temperatures of the crystallization processes during heating (marked as T x , heat) and cooling (marked as T x , cool), which were determined from nanocalorimetry and DSC measurements, are indicated in the figure. The peak temperatures obtained from the heating measurements are well within the growth-controlled regime, while those obtained on cooling are within the nucleation-controlled regime, supporting our experimental observations. Thus the asymmetry in critical cooling and heating rates can be explained by the existence of the two different kinetic regimes at different [37] (blue, hollow symbols). The curves represent Arrhenius graphs of the diffusivity calculated from the SE and Ediger equations using the parameters shown in the graph. The proportionality constants in the S-E and Ediger equations were selected to translate the curves vertically to match the experimental data. (b) Viscosity data of Cu 50 Zr 50 obtained from Refs. [54, 55] . (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) temperatures. Similar observations have been made for more complex multi-component metallic glasses with much slower critical rates [9, 16] . We expect the observation that the crystallization asymmetry is less pronounced in thin films than in bulk materials to be quite generally applicable: thin-film samples are more susceptible to heterogeneous nucleation due to their high surface-to-volume ratio. This increases the temperature range where nucleation and growth rates overlap, and reduces the asymmetry. Our experiments clearly show that reducing the film thickness increases the probability of heterogeneous nucleation during quenching, while leaving the growth kinetics unchanged (Sec. 3.2 and 3.3).
Conclusion
In summary, we have investigated the crystallization behavior of Cu 50 Zr 50 metallic glass thin films on heating and cooling. We show that the critical rate to avoid crystallization is much higher on heating than on cooling. This asymmetry arises as crystallization occurs under different kinetic regimes during heating and cooling. Crystallization on heating is growth controlled. This process follows non-Arrhenius kinetics and is well described using a fragility-based model. The activation energy decreases from 4.0 eV near the glass transition temperature to approximately 1.0 eV at more elevated temperatures. By contrast, crystallization on cooling is nucleation limited. Given that thin films are much more susceptible to heterogeneous nucleation than bulk materials, we expect the crystallization asymmetry to be generally less pronounced in thin films than in bulk materials. 
where t and T represent time and temperature. Also, 
here r m , t m, and c pm represent the mass density, thickness, and heat capacity of the membrane.
Appendix C. Calculation of nucleation and growth rates
We use Turnbull's classical nucleation model [62, 63] here E d denotes the activation energy for transport across the liquid-crystal interface, s is the interfacial energy, f(q) is the catalytic potency factor for heterogeneous nucleation defined as ð2 þ cosqÞð1 À cosqÞ 2 =4, q is the contact angle between the crystal nucleus and catalyst when surrounded by supercooled liquid, n * is the number of atoms in the surface of a nucleus of critical size, n is the atomic volume of the crystal, n s is the number per unit area of liquid atoms in contact with the catalyst (typically 1=4r 2 a , r a ¼ radius of atoms), and h is Planck's constant. We determine s using
, where DH f is the heat of fusion, N A is Avogadro's number, and V m is the molar volume of the crystal [60, 61] . The number of atoms in the surface of a critical nucleus, n * , can be determined from ðr * =r a Þ 2 , where r * is the radius of the critical nucleus, which is given by 2s/DG. The parameters used in the calculation are listed in Appendix A. The growth rate was calculated from Eq. (2) using the Ediger relationship to relate the diffusivity to the viscosity of the melt.
